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ABSTRACT

The activation of small molecules has been studied by the scientific field for many decades as
it plays a key role in nature such as photosynthesis and respiration. Many of these reactions are
catalyzed by metalloenzymes in nature where the transfer of electrons and protons are coupled for
the reaction to move forward. Noncovalent interactions in the secondary coordination sphere of
metalloenzymes play an important role in determining the activity and selectivity. Hydrogen bonds
are the most common noncovalent interactions that metalloenzymes utilize to control the reactivity
in the secondary coordination sphere. Therefore, it is important to develop compounds and catalysts
that can move both protons and electrons. Recent studies have been done by several groups on the
mechanism of nitrite reduction. Based on those findings, we developed a series of iron (II)
pyridinediimine (PDI) complexes that contain pendant bases, with varying pKa values, located in the
secondary coordination sphere. These ligands were synthesized, coordinated to iron (II) and reduced
under carbon monoxide (CO) to store electrons within the ligand scaffold. These reduced complexes
were then protonated to form hydrogen bonds and fine tune the reactivity. These PDI complexes that
are capable of storing both electrons and protons were investigated to functionally mimic the
metalloenzyme nitrite reductase. To date, the mechanism of nitrite reduction remains unknown. In
an attempt to determine how nitrite binds to the metal of our PDI complex, we synthesized a dinitrosyl
iron complex. The synthesis of this complex should help to determine the mechanism of nitrite
reduction.
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Chapter 1. Introduction
1.1 Small Molecule Activation

The activation of small molecules such as H2, N2, O2 CO2, N2O, and CH4 has been studied in the
scientific field for many decades.1-7 Several of these small molecules play a key role in climate change
and other environmentally important issues such as photosynthesis and respiration.1, 2 Many of these
small molecules are produced or converted on large scales in the chemical industry. A popular
example is the breakdown of CO2 to CO through the dry reforming process (CH4 + CO2 ↔ 2CO + 2H2).
This process produces a mixture of CO and hydrogen gas (H2), referred to as synthesis gas (syngas).8
The Fischer-Tropsch process has been used to convert syngas into viable and beneficial C1 sources.9
These small molecules can be converted into high-value chemical feedstocks and fuels.2 Figure 1.1
shows some common targets for small molecule activation.

Figure 1.1. Common targets for small molecule activation; 1.1: nitrogen fixation, 1.2: hydrogen
reduction, 1.3: nitrite reduction, 1.4: carbon dioxide reduction. ΔG of reaction is listed to the right of
each reaction.

Many small molecules are abundant, readily accessible, and are largely inert.2 Most of these
chemical transformations are thermodynamically favorable but they will not proceed without a
catalyst due to a high kinetic barrier. To lower this high activation energy barrier, a catalyst is needed.
In nature, these reactions are catalyzed by metalloenzymes. Common targets shown in Figure 1.1 are
catalyzed by metalloenzymes: nitrogenase (1.1), hydrogenase (1.2), nitrite reductase (1.3), and

carbon monoxide dehydrogenase (1.4), respectively. Roughly one third of all enzymes are bound to
one or more metals. Nature uses these metal ions, located in the active site of the enzyme, to activate
these relatively inert molecules and modulate their reactivity.
Metalloenzymes promote reactions such as bond cleavage, bond formation, electron transfer,
atom transfer, and chemical transformations.10 The active site(s) of metalloenzymes are known to
have two key features: the ligands directly bound to the metal and the environment around the metal
center.12 The ligands bound directly to the metal center make up the primary coordination sphere and
the ligands that are not directly bound, but reside in close proximity to the metal, make up the
secondary coordination sphere (Figure 1.2).12 Typically the primary coordination sphere determines
the chemical reactivity of the enzyme and the secondary coordination sphere determines the
selectivity of the active site.

Figure 1.2. Active Site of Fe[Fe] Hydrogenase.13 The primary coordination sphere is circled in blue and
the secondary coordination sphere is circled in red.

Alfred Werner proposed that the microenvironments surrounding transition-metal
complexes affect the structure and function.14 The control of both the primary and secondary
coordination spheres is necessary to achieve highly functional complexes. The secondary coordination
sphere is strongly correlated to the function and non-covalent interactions, such as hydrogen bonds,
are often incorporated to control chemical processes. The idea that metal complexes could be
2

“recognized” by other molecules via binding to the coordinated ligands was found after the realization
that host compounds, such as crown ethers, could bind anions and small molecules.14 These findings
of the secondary coordination led to many biomimic complexes aimed at understanding the activation
of small molecules by mimicking the function and/or structure of metalloenzymes.

1.2 Proton-Coupled Electron Transfer

Many important energy conversion processes takes place in both biology and chemistry due
to reduction-oxidation (redox) reactions. A common redox reaction is proton-coupled electron
transfer (PCET). PCET is the transfer of e- accompanied by proton (H+) transfers.15 This reaction plays
an essential role in many biological systems, such as photosynthesis and respiration, but is also vital
in chemical systems, such as solar cells and energy devices.15-17
A PCET reaction can be classified as a sequential or a concerted pathway.16 A concerted PCET
mechanism describes the transfer of one H+ and one e- in a single kinetic step with no stable
intermediate. A sequential PCET mechanism involves a stable intermediate where an electron transfer
(ET) is followed by a proton transfer (PT) or vice versa as shown in Scheme 1.1. It is not surprising that
the concerted PCET is preferred in biological systems as the sequential mechanism is more
energetically demanding than the concerted mechanism with a higher reaction barriers and slower
rates.18

Scheme 1.1. Concerted vs. Sequential PCET Mechanism17
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A concerted PCET reaction can be viewed as the hydrogen atom transfer (HAT) mechanism
and the electron-proton transfer (EPT) mechanism. HAT occurs when the electron and proton transfer
between the same donors and acceptors, whereas EPT occurs in which the electron and proton
transfer between different donors and acceptors as shown in Scheme 1.2 and 1.3, respectively.17,19
An example of a HAT reaction is the exchange between phenol and phenoxyl radical in toluene.16 An
example of EPT is in the biological example of the photosynthetic oxidation of tyrosine where an
electron is transferred to the oxidized chlorophyll P680+ as the phenolic proton is transferred to a
histidine residue.17

Scheme 1.2. Hydrogen Atom Transfer17

Scheme 1.3. Electron-Proton Transfer17

The theory for concerted PCET mechanism combines concepts from the Marcus theory for
electron transfer and analogous theories for proton transfer.19 In this mechanism, the charge transfer
reaction is driven by the reorganization of the solvent and the environment.19, 20 The Hammes-Schiffer
group developed a theory which is described in Figure 1.3 where the proton potential energy curves
for the reactant and product are approximately parabolic along a collective solvent coordination. The
free energy curves correspond to electron-proton vibronic states, rather than the electronic states in
the Marcus theory.19 Figure 1.3 shows that going along the collective solvent coordinate, the reactant
4

and product (both at low energies) will have identical energies at the crossing joint.20 Hammes-Schiffer
theory describes the general mechanism that is similar to the EPT reaction.

Figure 1.3. Free energy curves for the reactant (I, blue) and product (II, red) parabolic along a collective
solvent coordinate.20

The study of PCET has been the focus of several groups to understand the mechanism.22-24 As
many biological systems, for example NO2- and CO2 reduction (Figure 1.1), requires both electrons
and protons for the reaction to proceed. Hydrogen bonding is the common noncovalent interaction
that is involved in PCET that can affect the reactivity that is being observed. Therefore, it is important
to develop systems that can catalyze the transfer of both protons and electrons. Our group aims to
develop a system that can move both electrons and protons to functionally mimic metalloenzymes,
more specifically nitrite reductase.

1.3 Nitrogen Cycle and the Role of Nitrite Reductase

Nitrogen is the fifth most abundant element in the entire solar system. Dinitrogen comprises
approximately 78% of the Earth’s atmosphere.25 Nitrogen is essential for life to occur, such as in
plants. The nitrogen cycle can be viewed in which the enzymatically catalyzed chemical reactions leads
to an accessible supply of reduced nitrogen. For any living system to function or stay alive, N2 must be
reduced to ammonia, NH3, so that it becomes available for incorporation into essential nitrogen
5

compounds.25,26 The nitrogen cycle is broken into four main processes: nitrogen fixation, nitrification,
denitrification, and nitrate assimilation (Figure 1.4).

Figure 1.4. The Nitrogen Cycle shown with the 4 main processes.26

The nitrogen cycle begins with N2 being reduced to NH3 which is known as nitrogen fixation
and is dependent on the metalloezyme, nitrogenase. The oxidation of NH3 to NO3- with nitrite, NO2-,
as an intermediate is known as nitrification and is thermodynamically favorable.26 From the
nitrification process, NO2- is oxidized to NO3- and then catalyzed into the two remaining processes:
nitrate assimilation and denitrification. Nitrate assimilation is when NO3- is reduced back to ammonia,
but first it is reduced to NO2- and then reduced by a six-electron step to yield NH3.26 Once the reduction
is complete, NH3 can be enzymatically incorporated into a variety of biosynthetic intermediates.24 The
denitrification process reduces NO3- back into the inert N2 gas with intermediates being NO2-, nitric
oxide (NO), and nitrous oxide (N2O). The denitrification pathway is known to utilize the strong
oxidizing potential of NO3- to generate energy through the oxidation of organic compounds.26 This
completes the nitrogen cycle.
The main focus of this research is part of the denitrification process. This process is the
removal of nitrate nitrogen. In the absence of this process, nitrogen compounds may accumulate toxic
levels and be detrimental to nature. Our research will focus on the enzyme catalyzing the step when

6

NO2- is reduced to NO, known as nitrite reductase. The reduction of NO2- to NO is a one e- and two H+
step in the denitrification pathway (Eq. 1.1). As NO2- reduction plays an important role in the nitrogen
cycle, it actually also plays a versatile role in biological functions physiologically as NO 2- is the source
of NO. NO is a well-known bioregulatory molecule and has multiple mammalian functions such as
neurotransmission.27

Nitrite Reductases are a family of enzymes that can be classified as two types: one containing
an iron heme site and the other containing a copper site (Figure 1.5). The reduction of NO2- takes
place through the active site of the enzyme. We can see from Figure 1.5 that there is one iron heme
site for the nitrite to bind to and be reduced in the Fe NiR and the presence of two copper sites in the
Cu NiR. The copper Type 1 site in the Cu NiR is the electron transfer site and copper Type 2 is the
catalytic site where nitrite is reduced.29

Figure 1.5. Iron heme containing active site of cd1 NiR from P. aeruginosa (left)28 and T1 & T2 copper
active sites (right)29.

7

The focus of the work in this thesis is to study the reduction of nitrite by modeling the function
of the iron NiR. There has been very little development in systems that mimic the iron NiR compared
to the copper NiR and we will demonstrate how the interactions of the secondary coordination sphere
will influence the reaction with nitrite. To mimic any enzyme, there are several factors into building a
ligand framework that will help replicate the properties of metalloenzymes which will be discussed
next.

1.4 Synthetic Models

Through synthetic models of metalloenzymes, properties of these enzymes can be clarified
with detailed insight such as structure, magnetic, and electron structure, function, reactivity, and
chemical mechanism.11 Efforts of these enzyme mimic studies yield crucial information regarding the
function, mechanism, and other factors that cannot be easily attained from protein studies.2,11
Metalloenzymes have the ability to catalyze a range of reactions, but many of these are
difficult to replicate due to the control of the environment around the metal center which may also
provide the basis for selectivity of the enzyme.11 Even though the metal center is the heart of the
active site, the secondary coordination sphere plays an important role in mediating these reactions.
Many metalloenzymes utilize noncovalent interactions such as hydrogen bonding in the secondary
coordination sphere. Hydrogen bonds are the most common interactions to control the environment
around the metal in the active site. These interactions are useful in stabilizing reactive intermediates
and have the capability to influence the electronics of the metal center.12 This reactivity can be
enhanced by incorporating Lewis acidic/basic groups in the secondary coordination sphere.
Many synthetic models attempt to incorporate hydrogen bonding within the ligand
framework. A few examples are shown in Figure 1.6. These systems show a common ligand
framework: tripodal cavities. A tripodal ligand is one in which the metal center is bound to three
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equatorial and one apical positions. All three of these models contain hydrogen bond
donors/acceptors in the secondary coordination sphere. Due to the hydrogen bond directors being
constrained it leads to selectivity of the active site. All three examples are functional mimics of
metalloenzymes where Borovik (Figure 1.6a) modeled water oxidation and both Szymczak (Figure
1.6b) and Fout (Figure 1.6c) modeled nitrite reduction. One of the limitations of these tripodal
systems is that the required redox activity occurs only on the metal center, limiting the redox activity
to the oxidation states available only to the metal.

Figure 1.6. Examples of hydrogen bonding acceptors/donators in the ligand framework by several
groups; a: Borovik, b: Szymczak, c: Fout.13,30,31

Recent studies on two of the tripodal ligand frameworks (Figure 1.6b & c) studied the
reduction of nitrite to determine the mechanism. The Szymczak group utilized a tripodal ligand bound
to copper featuring pendant hydroxyl groups capable of hydrogen bonding.32 The reaction with NO2released NO gas in that system via hydrogen bonding with the oxygen bound to copper. The Fout
group utilized a tripodal ligand with an iron center that includes hydrogen bond donors and acceptors
within the secondary coordination sphere to address the mechanism.27 They reported that their Fe
(II) complex reaction with NO2- produced the Fe(III) oxo and the release of NO gas.

9

Based on these findings and the limitations of the tripodal ligand scaffold, we have chosen to
investigate this reaction with redox-active ligand systems. One redox-active ligand is the
pyridinediimine (PDI) ligand, which will be the focus of this thesis.

1.5 Pyridinediimine Ligands

The PDI ligands have emerged as an important class of “redox non-innocent” ligands in
catalysis. A “redox non-innocent” ligand is one where the oxidation state of the ligand in a metal
complex is not clear from classic electron counting techniques. These oxidation states have to be
determined experimentally and cannot be easily predicted.33 The PDI ligand scaffold was chosen in
this research as it has the ability to promote catalytic activity, the potential for steric and electron
modification, and is synthetically feasible.34,35
Two main types of reactivity can be observed by redox non-innocent ligands: 1) participation
in the catalytic cycle by accepting/donating electrons or 2) the ligand actively participates in the
formation/breaking of substrate covalent bonds.33 Based on these two types of reactivity, four main
strategies of redox-active ligands can be distinguished: 1) redox of the ligand to tune the electronic
properties of the metal, 2) the ligand is used as an electron reservoir allowing multiple electron
transformations, 3) the generation of reactive ligand-radicals that are active in making and breaking
chemical bonds, and 4) the ligand is involved in the activation of substrates/modifications of the
substrate reactivity.33
Chirik and co-workers have made significant contributions using the redox-active PDI ligands.
As shown in Scheme 1.4, the neutral PDI complex can be reduced by two electrons displaying three
oxidation states. It is not shown in the scheme, but the PDI complex can store up to three electrons.36
The radicals that are displayed in the complex of the scheme do not represent two electrons but rather
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the electron density is smeared around the ligand backbone. Our group will represent this system to
be a direduced delocalized system (Scheme 1.5).37,38

Scheme 1.4. PDI complex displaying three oxidation states. R represents different functional groups:
2,6-diisopropylaniline group(s) or a pendant base group.

Scheme 1.5. PDI complex displayed as a direduced delocalized system. R represents different
functional groups: 2,6-diisopropylaniline group(s) or a pendant base group.

Our group37, 38-40 and others35,36 has shown that the PDI complex, FePDI(CO)2, is capable of
undergoing a reversible one electron oxidation to form [FePDI(CO)2]+ or undergo a one electron
reduction to form [FePDI(CO)2]- (Scheme 1.6). When FePDI(CO)2 undergoes a reversible one electron
oxidation to form [FePDI(CO)2]+, it was found that the redox-active ligand is involved in the electron
transfer and not the metal center.36, 39-41
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Scheme 1.6. FePDI(CO)2 complex capable of going under a reversible electron transfer.

Another feature of the PDI ligand system is the modular nature of the imine arm where we
can potentially add different functional groups in the secondary coordination sphere. Our group has
been incorporating different Lewis pendant bases, with varying pKa values, located in the secondary
coordination sphere. These pendant bases are capable of hydrogen bonding and can fine tune the
reactivity of the complex (Figure 1.7). 40,42

Figure 1.7. (Left) Chemdraw and (right) ORTEP diagram of previously reported Fe(didpa)Br2 complex,
highlighting the separation of the basic sites and the ligand based redox-active sites as well as the
secondary coordination sphere H-bonding.42

Our initial studies revealed that the electronics of the metal center are minimally affected by
changing the protonation state of the ligand when Fe(didpa)Br2 was reduced under a CO
atmosphere.41 From this study, we propose that this system has the capability to move both protons
and electrons which will be important in small molecule activation reactions such as nitrite reduction.

12

1.6 Research Objectives

The objective of this research was to study reactions that involve the transfer of both protons
and electrons. In this thesis, we specifically studied the reduction of nitrite (NO2- + 2H+ + 1e-  NO +
H2O) with a series of iron(II) redox-active PDI complexes. These complexes are capable of storing
electrons in the PDIFe(CO)2 complex. Therefore, we would like to incorporate protons within the
complex when the pendant base is protonated. Synthesis and characterization of these systems was
achieved through the use of various techniques and will be described throughout the thesis: fourier
transform infrared spectroscopy (FTIR), nuclear magnetic resonance spectroscopy (NMR), x-ray
crystallography, Mössbauer spectroscopy, ultraviolet-visible spectroscopy (UV-Vis), In Situ FTIR
Spectroscopy (ReactIR), and cyclic voltammetry (CV).
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Chapter 2. Synthesis of Pendant Base Fe(II) PDI Complexes
Studies on proton-electron transfer reactions are important, as most reactions require
protons and electrons to move forward, especially in metalloenzymes. Most examples of enzyme
mimic studies include the understanding of the hydrogenase reaction (2e- + 2H+ ↔ H2) and the oxygen
reduction reaction (O2 + 4e- + 4H+ → 2H2O) (ORR). The hydrogenase enzyme is capable of producing
hydrogen from protons and electrons.

Oxygenase enzymes such as cytochromes P450 and

cytochrome c oxidase are examples of ORR and are capable of reducing oxygen to water (H2O). These
two reactions are examples of efficient catalysts that involve multi proton-electron transfers for the
interconversion of fuel.43,47
Several groups have successfully synthesized phosphine ligand systems to increase the
production and oxidation of H2.43-46 Mayer and co-workers designed a tripodal ligand family to
function as new molecular catalysts for ORR.47 All of these groups incorporated a Lewis pendant amine
in the secondary coordination sphere to improve the catalyst performance. The Lewis pendant amine
is a basic site that can be protonated. By incorporating the pendant amine arm in the ligand structure,
they serve as “proton relays” that facilitate the transfer protons to and from the catalytically active
site.43
To help understand the movement of both protons and electrons in small molecule activation,
we developed three iron (II) PDI complexes incorporating pendant Lewis basic sites in the secondary
coordination sphere and redox active sites in the ligand framework. With these three complexes, we
sought to understand the transfer of both protons and electrons to substrate and how the pendant
base arm can potentially tune the reactivity. Three pendant amines were chosen: N,N-dimethyl-1,2phenylenediamine40,49, 4-(2-aminoethyl)morpholine, and N,N-diethylethylenediamine (Figure 2.1).
The dimethyl aniline base is a constrained ligand due to the aromatic ring. This allows the base to be
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more stable and communicate with the metal electronically.50 Unlike the dimethyl aniline base, both
the morpholine and diethylamine base will have less communication with the metal center due to the
flexibility of the ethylene bridge.50 Knowledge of the pKa values will allow protonation of the amine
with the appropriate acid and study the electronics of the metal center as well as the surrounding
environment. These three PDI Fe(II) complexes were synthesized using the Schiff-base condensation
method and then reduced under carbon monoxide (CO) to study the redox behavior. The pendant
base in each reduced complex was then protonated to study the transfer of both electrons and
protons to the substrate. Previous and present members have developed PDI complexes with Lewis
basic sites in the secondary coordination sphere.40-42

Figure 2.1. Pendant bases with their pKa value list below.51,52 From left to right: N,N-dimethyl-1,2phenylenediamine, 4-(2-aminoethyl)morpholine, and N,N-diethylethylenediamine.

2.1 Synthesis and Characterization of PDI Ligand Scaffold

The main ligand scaffold, [(2,6-iPrC6H3N=CMe)(O=CMe)C5H3N], was synthesized from
commercially available chemicals: 2,6-diacetylpyridine and 2,6-diisopropylaniline. Both starting
materials (1:1 mole ratio) were dissolved in methanol and stirred in an ice bath. Formic acid (~0.25
mL) was added to the solution, to catalyze the Schiff base condensation reaction (Eq. 2.1). After one
hour of stirring, the solution was placed in the refrigerator overnight to yield a yellow precipitate,
[(2,6-iPrC6H3N=CMe)(O=CMe)C5H3N] (1).53 The precipitate was filtered through a Büchner funnel,
washed with dry methanol, and dried on the Schlenk line.
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FTIR analysis displays a carbonyl (C=O) stretching frequency at 1698 cm-1 and an imine (C=N)
stretching frequency at 1646 cm-1 due to the Schiff base reaction (Figure 2.2).
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Figure 2.2. FTIR Spectrum of 1.

The 1H NMR spectrum shows the appearance of a septet resonance at 2.72 ppm and a doublet
of doublet resonance at 1.13. These resonances correspond to the protons of the isopropyl groups.
The integration displayed two protons and 12 protons, respectively. The aromatic protons from the
diisopropyl group are shown at 7.17 ppm as a multiplet displaying an integration of three protons and
the aromatic protons from the pyridine are shown at 8.56, 8.13, and 7.94 ppm integrating for one
proton each, respectively (Figure 2.3).
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Figure 2.3. 1H NMR spectrum of 1.

2.2 Metallation of PDI Complexes

One PDI ligand was synthesized by a Schiff Base Condensation in a Dean-Stark apparatus
mixing starting materials 1 and an excess of the pendant amine arm: N,N – diethylethylenediamine
(Eq. 2.2) heated overnight. A color change was observed from a yellow to orange brown. The solvent
was removed under rotary evaporation and redissolved in acetonitrile (CH3CN) and a tan brown solid
was obtained. A small sample of the brown solid was taken for gas chromatography-mass pectroscopy
(GC-MS). GC-MS confirms that the solid is indeed TEAPDI (2) ligand.
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In the IR spectrum, the disappearance of the C=O stretching frequency at 1698 cm -1 is noted
and the C=N stretching frequency at 1643 cm-1 is present (Figure 2.4).
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Figure 2.4. Overlay IR spectra of 1 (red) and 2 (blue).

The 1H NMR spectrum shows the appearance of two triplet resonances at 3.69 and 2.91 ppm.
These resonances corresponds to the protons of the ethylene bridge. The integration displayed two
protons for each resonance. The aromatic protons from the diisopropyl group are shown at 7.15 ppm
as a multiplet displaying an integration of three protons and the aromatic protons from the pyridine
are shown at 8.34, 8.16, and 7.70 ppm integrating for one proton each, respectively (Figure 2.5).
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Figure 2.5. 1H NMR spectrum of 2, 300 MHz, CDCl3. (* represents solvent)

Now that the ligand scaffold was synthesized, a metal center was incorporated within the
binding pocket of 3. A solution of 2 was slowly added to a solution of FeBr2 in tetrahydrofuran (THF)
in an N2 filled glovebox. The solution was allowed to stir for one day to produce a color change from
orange to a dark blue (Eq. 2.3). Blue crystals of Fe(TEAPDI)Br2 (3) were produced by layering diethyl
ether (Et2O) onto a filtered solution of 3 in MeOH.

FTIR analysis shows that there is a broad peak at 3399 cm-1 indicating that it could be wet (OH peak) or the pendant diethylamine is protonated in the secondary coordination sphere. (Figure 2.6)
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Figure 2.6. FTIR Spectrum of 3.

A crystalized sample of 3 was analyzed with X-ray crystallography. An Oak Ridge Thermal
Ellipsoid Plot (ORTEP) view of 3 is shown in Figure 2.7. The iron center is a five coordinate with a
distorted square-pyramidal geometry (τ = 0.02). The nitrogen atoms of the PDI ring along with a
bromine atom makes up the basal plane with the other bromine atom to be in the apical position. A
τ value of 0 corresponds to an ideal square pyramidal geometry and a τ value close to 1 corresponds
to an ideal trigonal bypyramidal geometry.54 The ORTEP view confirms the ligand framework and that
the pendant amine is protonated. Many solvent systems have been investigated to crystallize 3, but
the pendant base picks up a proton. The Cimine-Nimine bonds in 3 (1.296(3) and 1.297(4) Å, respectively)
are similar with bond lengths and angles (not shown) to other structurally PDI Fe(II) complexes by past
members suggesting that our PDI systems are similar in geometry .37,39-41,52
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Figure 2.7. ORTEP View of 3. H atoms except H(1N) have been omitted for clarity. Selected bond
lengths (Å) and angles (deg) for one independent molecule in the unit cell: Fe(1)-N(1) 2.214(2), Fe(1)N(2) 2.091(2), Fe(1)-N(3) 2.223(2), Fe(1)-Br(1) 2.4257(5), Fe(1)-Br(2) 2.4778(5), N(1)-C(2) 1.296(3),
N(3)-C(8) 1.297(4) and Br(1)-Fe(1)-Br(2) 117.89(2), N(2)-Fe(1)-Br(1) 145.61(6), and N(1)-Fe(1)-N(3)
144.47(9).

The measured effective magnetic moment (µeff) of 3 yielded a value of 4.64 µB in the solidstate and 4.68 µB in solution with a magnetic susceptibility balance and Evan’s method NMR
measurements, respectively.55 These values are consistent with a high-spin (S = 2) square-pyramidal
Fe(II) center.56-58 This is a high-spin iron(II) due to four unpaired electrons. Mössbauer spectroscopy is
another technique to confirm the oxidation state of the Fe center.59,60 At room temperature, the zerofield Mössbauer parameters of 3 confirm the assignment of a high-spin Fe(II) center. Table 2.1 and
Figure 2.8 shows the isomer shift () and quadrupole splitting (EQ) parameters to be 0.787(6) and
1.57(1) mm/s, respectively. These values are in agreement with the assignment of a high-spin Fe(II)
center. 56-58
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Figure 2.8. Zero-field 57Fe Mössbauer spectrum of 3 recorded at room temperature.

Table 2.1. Room-temperature zero-field 57Fe Mössbauer parameters of pendant Lewis base FeII PDI
complexes
Complex
Fe( PDI)Br2 [3]
Fe((Me)2NPDI)Br2 [4]
Fe(MorPDI)Br2 [5]
Fe(TEAPDI)(CO)2 [6]
Fe((Me)2NPDI)(CO)2 [7]11
Fe(MorPDI)(CO)2 [8]
HFe(TEAPDI)(CO)2[PF6] [9]
TEA

 [mm/s]
0.787(6)
0.794(4)
0.80(1)
-0.081(3)
-0.06(1)
-0.10(1)
-0.07(2)

E [mm/s]
1.57(1)
1.628(9)
1.427(7)
1.450(8)
1.07(2)
1.46(2)
0.97(2)

The other two PDI Iron complexes were synthesized using the Schiff-base condensation
method by mixing together an equal mole ratio of 1, FeBr2, and pendant amine in a Schlenk flask in
ethanol (EtOH). (Scheme 2.1).61 The solution was allowed to stir overnight at 80 °C under N2
atmosphere. Within one hour of stirring, a color change was immediately seen: from a grey/purple
solution of 1 to a green solution of Fe((Me)2NPDI)Br2 (4) and a blue solution of Fe(MorPDI)Br2 (5).

22

Scheme 2.1. Coordination of FeBr2 to the PDI containing pendant Lewis pendant bases.

Green crystals of 4 were obtained by layering Et2O onto a filtered solution of 4 in
dichoromethane (DCM) over a two day period. An ORTEP view of 4 is shown on the left in Figure 2.9.
X-ray crystallographic analysis confirmed the Fe center to be a distorted square pyramidal geometry
(τ = 0.15). As in the case of 3, the bond lengths and angles of 4 are similar to previously characterized
PDI Fe complexes containing asymmetric PDI ligands. The measured µeff of the solid state and in
solution were 5.15 and 5.12 µB, respectively, which is consistent with a high spin (S = 2) square
pyramidal Fe(II) center. As shown on the right of Figure 2.9 and Table 2.1, the room temperature,
zero-field Mössbauer parameters [ = 0.794(4), EQ = 1.628(9) mm/s] of 4 also confirms the
assignment of a high spin Fe(II) center.

23

Figure 2.9. ORTEP View of 4 (left). H atoms have been omitted for clarity. Selected bond lengths (Å)
and angles (deg) for one independent molecule in the unit cell: Fe(1)-N(1) 2.218(5), Fe(1)-N(2)
2.075(5), Fe(1)-N(3) 2.190(5), Fe(1)-Br(1) 2.4877(11), Fe(1)-Br(2) 2.4023(11), N(1)-C(2) 1.282(8), N(3)C(8) 1.282(8) and Br(1)-Fe(1)-Br(2) 113.57(4), N(2)-Fe(1)-Br(2) 149.96(14), and N(1)-Fe(1)-N(3)
141.01(19). Room temperature, zero-field Mössbauer spectrum of 4 (right).

Blue crystals of 5 were obtained by layering Et2O onto a filtered solution of 5 in MeOH over a
two day period. An ORTEP view of 5 is shown on the left in Figure 2.10. X-ray crystallography
confirmed the Fe center to be a distorted square pyramidal geometry (τ = 0.10). As in the case of 3 &
4, the bond lengths and angles of 5 are similar to previously characterized PDI Fe complexes containing
asymmetric PDI ligands. The measured µeff of the solid state and in solution were 5.14 and 4.81 µB,
respectively, which is consistent with a high spin (S = 2) square pyramidal Fe(II) center. As shown on
the right of Figure 2.10 and Table 2.1 the room temperature, zero-field Mössbauer parameters [ =
0.80(1), EQ = 1.427(7) mm/s] of 5 also confirms the assignment of a high spin Fe(II) center.
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Figure 2.10. ORTEP View of 5 (left). H atoms have been omitted for clarity. Selected bond lengths (Å)
and angles (deg) for one independent molecule in the unit cell: Fe(1)-N(1) 2.228(5), Fe(1)-N(2)
2.061(5), Fe(1)-N(3) 2.172(6), Fe(1)-Br(1) 2.4603(12), Fe(1)-Br(2) 2.4031(12), N(1)-C(2) 1.280(3), N(3)C(8) 1.293(8) and Br(1)-Fe(1)-Br(2) 116.99(4), N(2)-Fe(1)-Br(2) 147.38(14), and N(1)-Fe(1)-N(3)
141.73(19). Room temperature, zero-field Mössbauer spectrum of 5 (right).

2.3 Reduction of Fe(II) PDI Complexes under CO atm

These pendant base Fe(II) PDI complexes were reduced under a CO atmosphere in DCM with
NaHg amalgam reductant as shown in Scheme 2.2 to investigate the redox behavior. The solution was
allowed to stir for one day to produce a color change from dark blue to green. Slow evaporation of a
filtered, saturated diethyl ether solution of either Fe(TEAPDI)(CO)2 (6), Fe((Me)2NPDI)(CO)2 (7), and
Fe(MorPDI)(CO)2 (8) yielded green, diamagnetic crystals. Compound 7 has been previously synthesized
and characterized according to literature procedures.40
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Scheme 2.2. Reduction of Pendant Base PDIFeBr2 under carbon monoxide (CO).39,40

An ORTEP view of 6 is shown on the left of Figure 2.11. The iron center is again a five
coordinate with a square-pyramidal geometry (τ = 0.18). The nitrogen atoms of the PDI ring along with
one CO ligand makes up the basal plane with the other CO ligand to be in the apical position. The bond
lengths reveals that the Cimine-Nimine bonds are elongated from a value of 1.296 and 1.297 Å in 3 to
1.326 and 1.3330 Å in 6, respectively and the Cimine-Cipso bonds are contracted from a value of 1.496
and 1.493 Å in 3 to 1.422 and 1.424 Å in 6, respectively. This data implies that the complex is a ligand
centered reduction and the oxidation state of the coordinated Fe (II) remains the same. The elongation
of Cimine-Nimine bond and the contraction of the Cimine-Cipso bond suggest a ligand based reduction, as the
molecular orbitals of the C=N fragment are antibonding with respect to the carbon backbone.35 The
bond lengths and angles are similar to other characterized PDIFe(CO)2 complexes by our group and
others.37, 39-41, 52, 62, 63 This data, taken in conjunction with the room temperature, zero field Mössbauer
parameters [EQ = 1.450(8);  = -0.081(3) mm/s] shown on the right of Figure 2.11 and Table 2.1 ,
suggest that complex 6 is best described as a low spin (S = 0) Fe(II) center. Previous reports by our
group39-41 and others62 have suggested that the Fe(II) center is described as a doubly reduced ligand.
However, due to the known ambiguity of the oxidation states of the PDI ligand system, Scheme 2.2
represents the PDI ligand as a delocalized ligand system with mirrored symmetry.37, 38
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Figure 2.11. ORTEP View of 6 (left). H atoms have been omitted for clarity. Selected bond lengths (Å)
and angles (deg) for one independent molecule in the unit cell: Fe(1)-N(1) 1.9578(16), Fe(1)-N(2)
1.8492(15), Fe(1)-N(3) 1.9505(16), Fe(1)-C(28) 1.773(2), Fe(1)-C(29) 1.774(2), N(1)-C(2) 1.326(2), N(3)C(8) 1.330(2), and C(28)-Fe(1)-C(29) 95.29(9), N(2)-Fe(1)-C(29) 145.96(8), and N(1)-Fe(1)-N(3)
156.59(6). Room temperature, zero-field Mössbauer spectrum of 6 (right).

Complex 6 is diamagnetic in both the solid state and solution and yields a clean, diagnostic 1H
and 13C NMR spectra (Figure 2.12 & 2.13). The 13C NMR resonances to the CO ligands appear at 216.3
ppm. FTIR analysis of 6 confirms two CO ligands bound to the Fe center, with stretching frequencies
at 1934 and 1872 cm-1 (Figure 2.14 & Table 2.2). These stretching frequencies are similar to other
FePDI(CO)2 reported by our group39-41and others.62,63

Table 2.2. Carbonyl stretching frequencies of pendant Lewis base FeII PDI complexes.
ν(CO) [cm-1]
1934, 1872
1951, 1892
1934, 1871
1950, 1886

Complex
Fe( PDI)(CO)2 [6]
Fe((Me)2NPDI)(CO)2 [7]11
Fe(MorPDI)(CO)2 [8]
HFe(TEAPDI)(CO)2 [9]
TEA
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Figure 2.12. 1H NMR spectrum of 6, 500 MHz, CD2Cl2. (* represents solvent)

Figure 2.13. 13C NMR spectra of 6, 500 MHz, CD2Cl2.
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Figure 2.14. FTIR Spectrum of Complex 6.

An ORTEP view of 8 is shown on the left of Figure 2.15. The iron center is again a five
coordinate with a square-pyramidal geometry (τ = 0.05). As in the case of 6, the bond lengths of 8 also
reveals that the Cimine-Nimine bonds have also elongated from a value of 1.280 and 1.293 Å in 5 to 1.332
and 1.323 Å in 8, respectively and the Cimine-Cipso bonds have also contracted from a value of 1.496 and
1.493 Å in 5 to 1.422 and 1.424 Å in 8, respectively. With this data, taken into account with the room
temperature, zero field Mössbauer parameters [(EQ = 1.46(2);  = -0.10(1) mm/s)] shown on the right
of Figure 2.15 and Table 2.1 also suggest that complex 8 is best described as a low spin Fe(II) center
similar to 6.
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Figure 2.15. ORTEP View of 8 (left). H atoms have been omitted for clarity. Selected bond lengths (Å)
and angles (deg) for one independent molecule in the unit cell: Fe(1)-N(1) 1.9545(14), Fe(1)-N(2)
1.8507(12), Fe(1)-N(3) 1.9529(14), Fe(1)-C(28) 1.7796(18), Fe(1)-C(29) 1.7687(18), N(1)-C(2)
1.3318(18), N(3)-C(8) 1.323(2), and C(28)-Fe(1)-C(29) 97.62(10), N(2)-Fe(1)-C(29) 156.22(8), and N(1)Fe(1)-N(3) 153.42(5). Room temperature, zero-field Mössbauer spectrum of 8 (right).

Complex 8 is diamagnetic in both the solid state and solution also yields clean, diagnostic 1H
and 13C NMR spectra (Figure 2.16 & 2.17). The 13C NMR resonances to the CO ligands appear at 214.8
ppm. FTIR analysis of 8 confirms two CO ligands bound to the Fe center, with stretching frequencies
at 1932 and 1869 cm-1 (Table 2.2).
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Figure 2.16. 1H NMR spectrum of 8, 500 MHz, CD2Cl2. (* represents solvent)

Figure 2.17. 13C NMR spectra of 8, 500 MHz, CD2Cl2.
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All three lewis base PDIFe(CO)2 complexes, 6-8, were successfully synthesized and
characterized. Previous work has shown that the PDI ligand scaffold FePDI(CO)2 complexes are capable
of undergoing a reversible (or quasi-reversible) one electron oxidation to form [FePDI(CO)2]+ where
the redox-active ligand is involved in the electron transfer.39-41 To study the transfer of protons and
electrons to the substrate, as well as the protonation state of the secondary coordination, the pendant
base in the secondary coordination sphere was protonated.

2.4 Protonation of Fe(II) PDI Complexes

Previous studies in our group developed complexes with a Lewis basic site in the secondary
coordination sphere that has proven useful in stabilizing rare intermediates based on the protonation
state of the pendant amine42 (Figure 2.18) that the secondary coordination sphere can be utilized to
tune the reduction potential of ligand based redox active site.40 Pendant amines are known to be
proton relays and are capable of hydrogen bonding. Recently our group has extended the study to
investigate the role of the protonation state of the amine and its behavior and reactivity involving the
movement of both protons and electrons.41

Figure 2.18. ORTEP view of [(Hdidpa)FeOH(NCC)][PF6]. A rare Fe(II) hydroxo ligand that is stabilized by
the intramolecular hydrogen bond of the pendant base, diisopropylamine.42
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The pendant diethylamine in complex 6 was protonated with a weak acid ammonium
hexafluorophosphate, NH4PF6 (pKa ~16)64 (Eq. 2.4). Crystals were obtained by layering pentane onto
a filtered solution of [Fe(HTEAPDI)(CO)2][PF6] (9) in DCM yielding diamagnetic green/black crystals.

An ORTEP view of 9 is shown in Figure 2.19. The iron center is a five coordinate with a squarepyramidal geometry (τ = 0.13). The Cimine-Nimine bonds are 1.324 and 1.333 Å, whereas Cimine-Cipso bonds
are 1.439 and 1.422 Å, suggesting there is no change in the oxidation state upon protonation of the
pendant diethylamine from complex 6. The bond lengths and angles are similar to other protonated
Fe(CO)2PDI complexes reported.41 With this data, taken into account with the room temperature, zero
field Mössbauer parameters [(EQ = 0.97(2);  = -0.07(2) mm/s)] shown on the right of Figure 2.19 and
Table 2.1 also confirm this observation.
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Figure 2.19. ORTEP View of 9 (left). H atoms and the PF6- counter ion have been omitted for clarity
Selected bond lengths (Å) and angles (deg) for one independent molecule in the unit cell: Fe(1)-N(1)
1.952(4), Fe(1)-N(2) 1.858(4), Fe(1)-N(3) 1.960(3), Fe(1)-C(28) 1.800(6), Fe(1)-C(29) 1.768(6), N(1)-C(2)
1.325(6), N(3)-C(8) 1.335(5), and C(28)-Fe(1)-C(29) 97.0(3), N(2)-Fe(1)-C(29) 158.6(2), and N(1)-Fe(1)N(3) 150.54(16). Room temperature, zero-field Mössbauer spectrum of 9 (right).

Complex 9 is diamagnetic in both the solid state and solution and yields a clean, diagnostic 1H
and 13C NMR spectra (Figure 2.20 & 2.21). The 13C NMR resonances to the CO ligands appear at 216.80
ppm. FTIR analysis of 9 confirms two CO ligands bound to the Fe center, with stretching frequencies
at 1950 and 1886 cm-1 (Table 2.2). The C-O stretches are shifted slightly higher from 6, suggesting that
there is less electron density at the Fe(II) center upon protonation. The protonated diethylamine
group is involved in hydrogen bonding to a PF6- counter ion in the solid state. FTIR analysis also
confirms an N-H peak at 3189 cm-1 and a PF6- peak at 835 cm-1 (Figure 2.22).
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Figure 2.20. 1H NMR Spectrum of 9. 500 mHz, CD2Cl2 (* represents solvent).

Figure 2.21. 13C NMR Spectrum of 9. 500 mHz, CD2Cl2.
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Figure 2.22. FTIR spectrum of 9.

Compound 9 was successfully synthesized as it is a highly reduced complex with pendant
protons in the secondary coordination sphere (Figure 2.19). IR confirms that diethyl amine is indeed
protonated and the C-O stretches are present (Figure 2.22). Upon protonation, the crystallographic
data implied that that the ligand remains reduced as the bonds and angles did not change. The
Mössbauer data showed no drastic change in both the isomer shift and quadrupole splitting.
Protonation reactions were further investigated with complexes 7 and 8. Complex 7 was more
difficult as it could not be protonated by NH4PF6 as it has a higher pKa (~16 in acetonitrile)64 then the
pendant amine (pKa = 11.4) . Numerous attempts of finding the right acid to protonate were made
and was not successful unfortunately. Complex 8 was protonated with NH4PF6 and a crude FTIR
confirmed the presence of an N-H peak at 3322 cm-1, shifts in C-O peaks at 1938 and 1881 cm-1, and a
PF6- peak at 823 cm-1 (Figure 2.23). To confirm if the structure of 8 was indeed protonated, many
attempts of crystallizing were made and were unsuccessful.
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Figure 2.23. Crude FTIR spectrum of reacting NH4PF6 with 7.

In summary, we have successfully protonated one out of the three reduced complexes that
have been synthesized and characterized. For the other two complexes, we will continue to find the
appropriate acid to protonate the dimethylaniline and find the solvent system that will crystallize the
morpholine complex. This is the second pendant base PDI complex that can store both electrons and
protons within the same complex, specifically containing a pendant diethylamine (9). These
compounds are important to investigate the activation of small molecule reactions. In this thesis, the
reduction of nitrite was studied with the pendant diethylamine PDI complex.
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Chapter 3. Nitrite Chemistry
3.1 Mechanism of Nitrite Reduction

Recent studies on the reduction of nitrite has gained attention by modeling both the iron and
copper nitrite reductases. Although much is known about the capability of the reduction of nitrite,
two questions remain elusive about the process: how the nitrite binds to the metal and the
mechanism of nitrite reductase remains unknown.31 There has been much discussion but no
confirmation about the mechanism and the how nitrite binds to the metal center. The mechanism for
both the iron and copper containing nitrite reductase have been reported (Figure 3.1). We aim to
investigate the transfer of both electrons and protons in our iron PDI complex for the reduction of
nitrite. From this investigation, we hope to determine how nitrite binds to the metal, as well as gain
insight about the mechanism.

Figure 3.1. Two proposed mechanisms of Nitrite Reduction for iron (left)31 and copper (right)32.

There are two proposed mechanisms for the iron containing nitrite reductase, which both
start with the Fe(II)-nitro compound. It is important to note that there are different binding modes
corresponding to the different isomer where the nitro binds through the nitrogen and the nitrito binds
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through the oxygen. Mechanism A starts with the nitrite binding to the Fe center through the nitrogen
atom of nitrite and through subsequent protonations will result in the release of water and the
formation of NO. Release of NO will result in the formation of an Fe(III)-aqua complex. Mechanism B
suggests the Fe(II)-nitro goes through isomerization in which the oxygen is bound to the iron forming
the Fe(II)-nitrito complex and will result in a Fe(III)-hydroxyl complex when NO is released. There are
also two proposed mechanisms for the copper containing nitrite reductase, both starting with the
copper bound to NO2- (nitrito). Mechanism A goes through a 2 H+ transfer and H2O release to generate
the copper-nitrosyl compound. On the other hand, mechanism B shows the protonation of the nitrite
will then go under a e- transfer, to form the copper-hydroxide compound with the release of NO.
Discussed earlier in Chapter 1, there were two studies with tripodal ligand systems that
successfully reduced NO2- with the release of NO with the influence of hydrogen bonding; these two
systems correspond to mechanism B of the specific iron and copper proposed mechanisms. From
these findings, we used complex 9 as it has hydrogen bonding in the secondary coordination sphere.
Furthermore, Liaw and co-workers have shown the PDI ligand framework can suppose Fe-nitrosyl
compounds (Figure 3.2).65

Figure 3.2. ORTEP view of iPrPDI dinitrosyl iron complex; H atoms and the BF4- counterion was emitted
for clarity. This is a symmetric PDI ligand complex with diisopropylaniline groups with a Fe(II) metal
center.65
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3.2 Dinitrosyl Iron Complexes

Dinitrosyl Iron Complexes (DNICs) are small organometallic-like molecules for storage and
transport agents of NO capable of selectively modifying crucial biological targets.65-67 DNICs were
found to trigger the activation of cationic channels, inhibition of enzymes, and apoptosis of Jurkat
cells, but the mechanism of NO release remains elusive.65 NO is a ligand that can bind in three distinct
forms: NO+, NO-, and NO˙. Each redox form possesses a unique chemical reactivity toward biological
targets. Specifically, it was reported that NO+ primarily exert post-translational modifications of Snitrosylating cysteine residues, NO˙ is inert to amino acid residues however it may bind transitional
metals, and NO- is capable of initiating post-translational modification on cysteine residues and
coordinate to transition metals.66
The Enemark-Feltham notation, {M(NO)x}n, is utilized to describe the M-NO moiety in
transition metal nitrosyl complexes.68 The three different redox forms of NO led to the development
of this notation. In the Enemark-Feltham notation, {M(NO)x}n, M represents the transition metal, x
represents the number of nitrosyls that are bound to the metal, and n represents the total number of
the metal d and the NO π* electrons.68 This notation is essential to determine the oxidation states of
the metal and NO as well as for elucidating physical properties and chemical reactivity.65
Due to the different forms of NO, the oxidation state of the NO is quite difficult to determine,
as it is a non-innocent ligand. The Enemark-Feltham notation is determined by how the NO binds to
the metal and will coordinate in a linear or a bent fashion.68, 69 If the NO ligand is linear (MNO angle is
180 °) then it is treated as NO+. If the NO ligand is bent (MNO angle < 180 °) then it is treated as NO.69 FTIR can also be used to study the structure and reactions of the NO ligand; NO stretching
frequencies of linear (2000-1600 cm-1) and bent (1725-1525 cm-1) may be used to characterize the NO
ligand.69 The Liaw group determined that the PDI DNIC (Figure 3.2) has the Enemark-Feltham notation
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of {Fe(NO)2}9.65 From this finding, we investigated if our highly reduced PDI complex with pendant
protons will result in a DNIC when reacted with NO2-.

3.3 Synthesis of Fe(II) PDI Dinitrosyl Complex

In order to investigate the reaction of 9 with nitrite, one equivalent (0.005 g, 0.072 mmol) of
sodium nitrite, NaNO2, in methanol was syringed into a green solution of HTEAPDIFe(CO)2[PF6] (9)
(0.050 g, 0.074 mmol) in THF (Eq. 3.1). Within three hours, the reaction was noted as complete but
was left to stir overnight due to the color change that was seen from a green to a red brown solution.
The absence of the green color of 9 suggests that CO was released.

Once the reaction was complete, the headspace of the reaction was analyzed and CO gas was
verified by gas chromatography (GC). A set of standards were made from known amounts of CO gas
(from a purified CO gas tank) to make a calibration curve (Figure 3.3). The amount of CO gas produced
from the reaction with NaNO2 was determined using the calibration curve. The CO gas was measured
in area counts (Figure 3.3). Using the ideal gas law, PV = nRT, the moles of CO gas within the headspace
of the reaction vial was calculated. This reaction was run three times and was averaged to give us the
amount of moles of CO.
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Figure 3.3. CO gas calibration curve for the reaction of 9 with 1 equivalent of NaNO2 (left). Gas
chromatograph of the headspace of the reaction (right). The area of CO was calculated to be 265.1638
counts at a retention time of 2.236 min from a 1 mL injection of a 10 mL headspace.

The yield of CO was calculated through the GC data obtained and indicated a 25 % yield of the
CO being released, when compared to the theoretical value (0.147 mmol). The data corresponds to
0.0369 mmol of CO molecules being released from the reactant (0.0737 mmol of 9). The low detected
value could be due to some CO molecules dissolving in the 10 mL solution of THF and MeOH. Eq. 3.1
is not stoichiometrically correct as there are other products that we question. Products that include
Na+, O2-, H+, and the remaining CO are produced when 9 is reacted with NaNO2, and the stoichiometry
is still under investigation.

3.4 FTIR Studies

After headspace analysis, the solvent was removed to take an IR to verify that there was no
CO bound to the iron in the solid state. FTIR analysis of 9 confirmed two CO stretching frequencies at
1950 and 1886 cm-1. After the reaction with NaNO2, the FTIR shows the absence of CO stretching
frequencies but shows two peaks at 1786 and 1716 cm-1 (Figure 3.4) being consistent with the
formation of TEAPDIFe(NO)2 (10). These 2 peaks correspond to the N-O stretching frequencies and are
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similar to other dinitrosyl complexes reported by other groups.65, 70-72 The stretching frequencies are
also in the range of where bent NO stretching frequencies lie.
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Figure 3.4. Overlay FTIR spectra of 9 (blue) and 10 (red).

With the reaction being done on a small scale, the yield of 10 was calculated by a calibration
curve using liquid IR. A set of pure known molar solutions of 10 were made and pipetted into a liquid
IR cell one at a time. Two calibration curves were made from the absorbances obtained from the two
NO peaks at 1789 and 1719 cm-1 (Figure 3.5). A liquid IR was taken of 10 after the reaction was rerun
to obtain the absorbance. From the calibration curves, the moles of 10 were obtained by a known
volume used to run the liquid IR. This reaction was rerun three times and the average was taken. The
data indicated a 52 % yield of 10 produced (0.026 g, 0.038 mmol) when compared to the theoretical
yield (0.050 g, 0.073 mmol). Due to the low yield of 10, this is confirmation that there are other
products that are being formed in solution. The other 48% of the yield remains inconclusive and will
be studied further.
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Figure 3.5 Calibration Curves of 1718 cm-1 (left) and 1789 cm-1 (right) to calculate the yield of 10.

3.5 Structural Studies

Purple crystals of 10 were obtained by layering pentane onto a filtered solution of 10 in THF
over a one week period. An ORTEP view of 10 is shown in Figure 3.6. X-ray crystallography analysis
confirmed the Fe to be bound to two NO molecules and is a five coordinate with the geometry best
described as being somewhere between square pyramidal and trigonal bypyramidal (τ = 0.40). The
nitrogen atoms of the PDI ring along with one NO ligand makes up the basal plane with the other NO
ligand to be in the apical position. The Cimine-Nimine bonds in 10 have contracted from a value of 1.326
and 1.3330 Å to 1.289 and 1.265 Å. The Cimine-Cipso have elongated from a value of 1.423 and 1.438 Å
to 1.481 and 1.483 Å. The bonds lengths and angles are similar to the characterized PDIFe(NO) 2
complex reported by the Liaw group.64 From this data alone, we know that the ligand is no longer
reduced as the bond lengths Cimine-Nimine and the Cimine-Cipso bonds have changed to reflect that. FTIR
also shows a peak that corresponds to a PF6- anion at 830 cm-1 in the solid state and was confirmed
by crystallography as well.
The Enemark-Feltham Notation of 10 is {Fe(NO)2}9. We will treat the iron in our complex, a
neutral iron (d8 metal) center and each NO will donate one electron. The total electrons will add up
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to 10 but the overall charge of the complex is +1 making 10 a {Fe(NO)2}9 DNIC. This notation is
consistent with the PDI DNIC that was reported by Liaw and co-workers.

Figure 3.6. ORTEP view of 10. H atoms and the PF6- counterion have been omitted for clarity. Selected
bond lengths (Å) and angles (deg) for one independent molecule in the unit cell: Fe(1)-N(1) 2.232(5),
Fe(1)-N(2) 2.081(5), Fe(1)-N(3) 2.172(6), Fe(1)-N(5) 1.699(7), Fe(1)-N(6) 1.685(7), N(1)-C(2) 1.289(8),
N(3)-C(8) 1.265(9), N(5)-O(1) 1.157(8), N(6)-O(2) 1.171(8) and N(5)-Fe(1)-N(6) 109.9(4), N(2)-Fe(1)N(5) 126.6(3), N(2)-Fe(1)-N(6) 123.4(3), N(1)-Fe(1)-N(3) 147.3(2) and Fe(1)-N(5)-O(1) 159.7(8), Fe(1)N(6)-O(2) 162.3(8).

Mössbauer spectroscopy was taken, as the oxidation state of the iron center of 10 was
unclear. At room temperature, the zero field Mössbauer parameters of 10 contains a doublet with an
isomer shift of 0.308(7) mms-1 and a quadrupole splitting of 0.89(1) mms-1 (Figure 3.7). These
parameters are consistent with other {Fe(NO)2}9 DNICs reported by other groups.70,72,73 This is
consistent to the experimental and DFT studies conducted by Ye and Neese.72 This confirms that the
oxidation state of the iron center in 10 remains unchanged and confirms that the ligand is neutral.
From NMR data, it was concluded that 10 was a paramagnetic compound. Magnetic susceptibility was
not run on this complex as there was not enough in hand to perform those experiments.
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Figure 3.7. Zero-field 57Fe Mössbauer spectrum of 10 recorded at room temperature.
An isotopic study with Na15NO2 was employed to verify that the NO groups bound to the Fe
comes from nitrite. One equivalent of Na15NO2 (0.005 g, 0.072 mmol) in 2 mL of MeOH was syringed
into 8 mL of THF of 9 (0.050 g). A similar color change was seen from a green to a red brown color.
The solvent was removed after 3 h to obtain a crude FTIR. The FTIR showed the shift of N-O peaks
from 1786 and 1716 cm-1 in 10(14NO)2 to 1754 and 1682 cm-1 in 10(15NO)2 (Figure 3.8) due to the
isotopic mass difference. These shifts are consistent with the calculated position at 1754 and 1685
cm-1 based only on difference masses of 14NO and 15NO. Similar shifts were observed from previously
characterized DNICs.65
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Figure 3.8. Overlay FTIR spectra of 10(14NO)2 (red) and 10(15NO)2 (blue).
Purple crystals of 10(15NO)2 were obtained from a slow vapor diffusion of pentane into a
saturated THF solution of 10(15NO)2. An ORTEP view is shown in Figure 3.9. Through this data it is clear
that 10 is indeed a five coordinate with a square pyramidal geometry (τ = 0.24). The bond lengths and
angles in 10(15NO)2 are similar to those in 10(14NO)2 (Figure 3.6).
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Figure 3.9. ORTEP view of 10. H atoms and the PF6- counterion have been omitted for clarity. Selected
bond lengths (Å) and angles (deg) for one independent molecule in the unit cell: Fe(1)-N(1) 2.234(3),
Fe(1)-N(2) 2.066(3), Fe(1)-N(3) 2.144(3), Fe(1)-N(4) 1.689(4), Fe(1)-N(5) 1.686(3), N(1)-C(2) 1.280(5),
N(3)-C(8) 1.289(5), N(4)-O(1) 1.167(5), N(5)-O(2) 1.178(5) and N(4)-Fe(1)-N(5) 106.94(18), N(2)-Fe(1)N(4) 132.90(16), N(2)-Fe(1)-N(5) 120.16(16), N(1)-Fe(1)-N(3) 147.44(13) and Fe(1)-N(4)-O(1) 160.1(4),
Fe(1)-N(5)-O(2) 159.6(4).

3.6 Electrochemical Studies

The redox behavior of 10 was studied by cyclic voltammetry (CV) in THF. The experiment was
performed in a N2 atmosphere glovebox with a three-electrode set-up (glassy carbon working
electrode, platinum counter electrode, and Ag/Ag+ reference electrode) and tetrabutylammonium
hexafluorophosphate as the supporting electrolyte. As shown in Figure 3.10, complex 10 exhibits two
reversible one-electron redox events centered at -1.06 and -2.15 V [versus E1/2°Fc+/0] under N2 atm.
This is interesting as this shows that we can store and release electrons without the decomposition of
the complex. Similar data was seen from the Li group who observed two redox events with their
complexes indicating that the electronic property of the ligands important influence on the
electrochemical properties on these DNICs. Previous work has shown that our FePDI(CO)2 displayed a
one electron oxidation to form [FePDI(CO)2]+ around -0.50 V.39-41 Due to the different environment in
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the DNIC, we suggest that one ( and possibly both) of the redox events in Figure 3.10 is related to the
reduction of the ligand.

50A/cm2
0.0

-0.5

-1.0

-1.5

-2.0

Potential / V vs Fc

-2.5

-3.0

+/0

Figure 3.10. CV scan of 10 under N2 (black) atm and the scans initiated at -0.4559 V. Each solution had
a concentration of 0.001 M of 10 and 0.1 M [(nBu)4N)[PF6]], in THF, at 100 mV/scan.

3.7 Kinetic Studies

The reaction of 9 with NaNO2 was completed within 3 h. This gave us motive to study the
kinetics to provide insight regarding the formation of the DNIC. This was accomplished via UV-Vis
spectroscopy. A THF solution of 9 (0.074 mM) was prepared in a quartz cuvette cell with a septum
cap. The UV-Vis spectrum of 9 shows three peaks at 363, 429, and 760 nm (Figure 3.9). A MeOH
solution of NaNO2 (0.40 mL, 0.073 mM, 0.0073 mmol) was injected into the solution of 9 and was
shaken vigorously. A color change was observed from a green to a clear, light yellow solution. The UVVis spectrum shows the disappearance of the three peaks and the appearance of one peak at 280
(Figure 3.10).
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Figure 3.11. UV-Vis Spectrum of 9 (black) and after the injection of NaNO2 (red).

Control experiments were run to see if the pendant protonated amine in the secondary
coordination sphere had an effect on the reaction. Two control complexes, iPrPDIFe(CO)2 (symmetric
PDI ligand) and

MeO

PDIFe(CO)2 (asymmetric PDI ligand), were synthesized according to literature

procedures.39,74 These two complexes were reduced under CO and they both exhibit no pendant
protons within the complex (Figure 3.11).

Figure 3.12. iPrPDIFe(CO)2 (left) and MeOPDIFe(CO)2 (right).
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UV-Vis was taken on both control complexes. THF solution of both complexes (0.074-0.076
mM) and was injected with a MeOH solution of NaNO2 (0.073 mM) and were shaken vigorously. There
was no color change observed. The three peaks are shown in the regions that were seen from 9. For
iPr

PDIFe(CO)2, the three peaks are at 370, 436, and 784 nm. For MeOPDIFe(CO)2, the three peaks are at

375, 454, and 803 nm. After the injection of NaNO2, there was no obvious difference in the spectrum
suggesting that protons are needed for the reaction to occur as the UV-Vis spectrum remains the
same and the peaks went down in absorbance as the solution was diluted. FTIR also confirms the
presence of the CO stretching frequencies. Protonated triethylamine (Et3NH+) with a
hexafluorophophate (PF6-) anion was chosen as the proton source, because Et3N has a similar pKa
value of 18 to the pendant base in 9 (pKa = 18.2). The protonated acid was then injected and was
shaken vigorously. A similar color change was noted from green to a clear, light yellow solution. UVVis was taken and similar peaks were seen before and after peak 280 appeared. (Figure 3.12 & 3.13).
From these observations of the four peaks, the three peaks are related to the dicarbonyl complex and
over time the CO ligands were released with the increase of peak at 280 nm forming the dinitrosyl
complex.
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Figure 3.13. UV-Vis spectrum of iPrPDIFe(CO)2.
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Figure 3.14. UV-Vis spectrum of MeOPDIFe(CO)2.
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As observed, for the reaction to occur it requires a source of external protons and electrons.
All three solutions of each complex were remade and the Quart cuvette was equipped with a stir bar.
Instead of shaking the reaction vigorously, a new UV-Vis spectrum was taken every 2.5 min and stirred
for 1 min. The regions of the three peaks were observed: 400 and 700 to pattern in absorbance (Figure
3.14 left). Using Beers law, A = εbc, the pattern in concentration was also observed (Figure 3.14 right).
The molar absorptivity, ε, was found from the initial data before any injections of NaNO2 and/or
HET3N[PF6]. Region 300 was not observed as the data fluctuates due the increase of peak 280.

Figure 3.15 Abs vs. Time (left) & Conc. Vs Time (right) of regions 400 & 700. HTEAPDIFe(CO)2[PF6]
(black), iPrPDIFe(CO)2 (red), MeOPDIFe(CO)2 (blue).
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All three complexes display similar characteristics, but having a pendant base has a definite
affect in the formation of the DNIC. Having a protonated pendant base (10), the reaction was
complete at 40 minutes compared to the other two complexes (iPrPDIFe(CO)2 & MeOPDIFe(CO)2) taking
twice the amount of time (~85 min). It appears a highly reduced complex with pendant protons will
increase the rate of reaction with NO2-. As the reaction comes to completion we observe a decrease
in concentration to be linear. This confirms that the reaction has a lot more side products than the
formation of the DNIC. Our studies only confirm the disappearance of the starting dicarbonyl complex.
To provide insight on the rate of forming the DNIC and the mechanism, a preliminary study
was done with the in situ IR (ReactIR) spectroscopy. We can observe the CO bands at 1888 and 1957
cm-1. After a MeOH solution of NaNO2 was injected to the three neck containing 9. We can
immediately see the release of CO bands and the growth of NO bands at 1720 and 1794 cm -1 (Figure
3.15). A similar color change can be seen and the reaction was done within 2.5 hours. Due to the
fluctuation of the temperature and the environment around the set-up, as we can see an increase
and decrease in absorbance due to the heat of the building turning on and off. Due to this reason, we
have set this study aside until a better set-up was found.

Figure 3.16 Three Dimensional plot of the reaction of 9 with NaNO2 at room temperature in
THF/MeOH (left) and reaction profiles of infrared bands of 9 (ν(CO) 1888, 1957 cm-1) to 10 (ν(NO)
1720, 1794 cm-1).

54

From both the UV-Vis and ReactIR data, we cannot assume this reaction with NO2- is a first
order reaction even though the plots follow an exponential decay pattern. Determining the
mechanism and other products remain inconclusive.

3.8 Proposal of Mechanism & Products

Nitrite reduction is a 2H+ and 1e- reaction forming NO and H2O. (NO2- + 2H+ + 1e-  NO + H2O)
Our system can provide 1 H+ and likely up to 2 e-. When 9 is reacted with NO2-, we question what side
products are being formed besides the dinitrosyl complex. Looking at Eq. 3.1, we know that the side
products include 2 CO, H+, and 2 O2- if we are stoiciometrically correct.
From the headspace analysis, the release of pure CO had a ~20% yield. Due to the low yield,
we propose that when the CO was released, some could react with O2- to form CO2 and some will
dissolve in the solution. We are sure that the 2 “O2-“ are not forming O2 as we did not see a peak that
corresponds to O2 in the headspace analysis. From this reaction, we propose that there is also a
release of NO and the formation of water. As NO and H2O are the main products of nitrite reduction.
Some proposed experiments can be done for determining the other products being formed.
Headspace analysis can be done to check CO2 and H2 if they are formed during the reaction. To check
if NO is being formed and released, we have started a UV-Vis experiment where we can capture NO
with COTPP. With an injection of an acid to the dinitrosyl complex, we can see a shift in the peak to
see if NO was released. The detection of water would be difficult as this reaction is done in MeOH.
We observed our liquid IR spectrum when we were calculating the yield of our dinitrosyl complex, and
there is a broad peak around 3300 cm-1. This peak corresponds to the O-H stretching frequency, but
we cannot say that this peak corresponds to H2O as it could also correspond to MeOH.
Here we propose two mechanisms and how the nitrite binds to 9 (Scheme 3.1). The binding
of NO2- to the Fe will be through the nitrogen, forming the iron-nitro complex and will release the CO.
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The binding of nitrite will happen one at a time. The H+ from the pendant amine will be transferred to
the oxygen in the nitro complex. The release of H2O is possible when hydroxyl picks up a proton in the
solution. The other CO will release when nitrite replaces the site where CO was. The oxygen in the
nitro will not get protonated, but the CO in the headspace can react with the remaining O2- to form
and release CO2. Another proposed mechanism is if we inject an excess of the acid or proton source,
HEt3N[PF6], in with 9 before reacting with NaNO2. The solution will have excess protons and can react
with NO2-, corresponding to mechanism A shown in the iron proposed mechanism in Figure 3.1, which
forms the iron nitrosyl with the release of H2O. Due to the excess amount of the proton source, the
complex may also release NO. This can possibly change the oxidation state of the iron center.

Scheme 3.1 Two proposed mechanisms for nitrite reduction. The PDI backbone was emitted for
clarity.
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3.9 NO Gas Reactivity

With evidence that reacting 9 with NaNO2 forms a DNIC, NO gas was introduced for the
observation if 9 will form 10. NO gas was purified according to literature procedures76 where the NO
gas will go through potassium hydroxide, a U-shaped glassware filled with glasswool in a dry ice bath
and then hooked up to T-shaped valve. The valve will then be flushed with N2 gas before introduced
to a schlenk flask containing a THF/MeOH solution of 9 (Figure 3.17). Immediately a color change was
observed from green to a red brown; similar when 9 was reacted with NaNO2. NO gas was bubbled
and stirred for 30 minutes. The solvent was removed in vacuo and was redissolved in THF and filtered.
The filtrate was then layered with pentane and put in the glovebox freezer. FTIR confirms the
disappearance of CO stretching frequencies and two NO stretching frequencies at 1792 and 1716
cm-1 and a PF6- peak at 830 cm-1 (Figure 3.18). These stretching frequencies are in agreement when 9
was reacted with NaNO2.

Figure 3.17 Nitric Oxide (NO) purification system.
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Figure 3.18 FTIR Spectrum of 9 reactivity with NO gas.

Another investigation was done to determine if

TEA

PDIFe(CO)2 (6) reacting with NO gas will

also form a DNIC. A schlenk flask containing a THF/MeOH solution of 6 was hooked up to the NO
purification system. A similar color change was seen from a green to a red brown color. The solvent
removed in vacuo and was redissolved in THF. The filtrate was then layered with pentane and was
also put in the glovebox freezer. FTIR analysis confirms that 6 does indeed form a DNIC with NO
stretching frequencies at 1783 and 1707 cm-1 (Figure 3.19). It seems that the NO stretching
frequencies are slightly shifted. From the observations and FTIR data, reacting pure NO gas to
PDIFe(CO)2 complex will form DNICs.
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Figure 3.19 FTIR Spectrum of 8 reactivity with NO gas.

The Enemark-Feltham Notation for 9 reacting with NO will be {Fe(NO)2}9; similar to when
reacting with NaNO2 and the PF6- stretching frequency shown in the FTIR. When 6 is reacted with NO
gas, the notation will be {Fe(NO)2}10 which is a very rare DNIC complex. Unfortunately, no crystals of
both complexes reacted with NO gas have been obtained.
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Chapter 4. Conclusion
In many biological and chemical systems, the movement of both electrons and protons are
required. Therefore, the development of compounds and catalysts that can transfer both electrons
and protons to the substrate are important. Our group has synthesized and characterized a series of
iron(II) complexes that can store electrons based on the pyridinediimine core. Specifically in this
thesis, we have successfully synthesized these complexes containing different pendant bases in the
secondary coordination sphere that are capable protonation by an acid.
We have successfully synthesized one novel complex that contains a pendant diethylamine
that is a highly reduced with pendant protons within the complex. Our PDI systems are unique as they
combine highly reduced complexes with pendant acidic protons in the secondary coordination sphere.
It is important to note that the geometry of our PDI complexes remains the same and does not change
upon reduction under CO, protonation of the pendant base, and the reaction with NO2-. The oxidation
state of the ligand changes as it goes from a neutral to a direduced system when reduced under CO
and then back to the neutral ligand when reacted with NO2-. This PDI system is different from previous
systems reported to look at small molecule activation as we can store electrons and/or protons. From
this discovery, these redox-active ligands have allowed us to investigate and study the
metalloenzyme: nitrite reductase.
In efforts of investigating the reduction of nitrite with this PDI complex, we unexpectedly
synthesized a dinitrosyl iron complex, specifically a five coordinate with a distorted square pyramidal
geometry with the Enemark-Feltham Notation of {Fe(NO)2}9. To our knowledge, this complex is the
second PDI-based DNIC reported but the first as an asymmetric PDI complex with a pendant base in
the secondary coordination sphere. Proton relays in the secondary coordination sphere influence the
reaction. Specifically in our complex, the pendant base influences the reaction.
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Through crystallography data of the DNIC, we see that the ligand is no longer reduced as the
Cimine-Nimine bonds have contracted and the Cimine-Cipso bonds have elongated. The Mössbauer data of
the DNIC provided that the isomer shift is more positive ( = 0.308(7) mms-1) when compared to the
dicarbonyl complex ( = -0.07(2) mms-1) due to the different environment around the metal center.
A similar symmetry, a doublet, is seen and shows no big difference in the quadrupole splitting (EQ =
0.89(1) mms-1) when compared to the dicarbonyl complex (EQ = 0.97(2) mms-1). From this data, we
were able to carefully characterize our DNIC and conclude that the oxidation state of the metal center
remains unchanged and that this reaction only affects the ligand scaffold.
A variety of studies have been done with these DNICs. Electrochemical studies exhibited two
reversible redox events suggesting that we can store and release electrons without the decomposition
of the complex. We have not determined what these redox events corresponds to, but we would like
to further this study to determine the nature of these events. Kinetic studies suggest that having a
pendant base exhibits a faster reaction with NO2- compared to complexes that only store electrons.
The reaction with the pendant base is complete after 40 minutes while the other two reactions that
do not have a pendant base takes twice the amount of time (~80 min). From this study, we have only
been able to determine that the starting complex has disappeared and that many other reactions are
occurring as there is no more starting material in the FTIR. Finally that the formation of DNICs can be
synthesized when complexes that can store electrons with or without protons will also form DNICs.
Our PDI system is different and unique from the previously reported tripodal systems by Fout
and Szymczak for nitrite reduction. When the nitrite binds to the iron or copper tripodal systems, the
oxidation state of the metal does change. For our PDI system when reacted with NO2-, the oxidation
state of the iron remains unchanged and the ligand likely provides some of the electrons necessary
for the reduction. The PDI ligand is no longer reduced according to crystallographic and Mössbauer
data. The mechanisms of the previously reported tripodal systems when reacted with NO261

corresponded to the respected mechanism B of the proposed mechanism of the iron and copper. The
mechanism for our system remains elusive as there are side products that are being formed when
reacted with NO2-.
Future work includes to see if the pendant base in complex 10 can be protonated by NH4PF6
to make a five-coordinate {Fe(NO)2}8 DNIC (Eq. 4.1) and obtain crystals. If this complex is successfully
protonated, we will run electrochemical and kinetic studies as well. We would also like to form other
DNICs with other pendant bases to see if similar results will be demonstrated. Due to the complex
reaction, our ultimate goal is to determine what the side products that are formed when the reaction
with NO2- is complete. Access to this will allow us to determine the mechanism and rate of reaction.
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Chapter 5. Experimental
General Methods. All reagents were purchased from commercial sources and used as received with
the exception of N,N-diisopropylaniline and N,N-diethylethylenediamine, which were distilled
immediately before use. The asymmetric PDI ligand [(ArN=C(CH3))C2H3N((CH3)C=O] (Ar = 2,6 = iPrC6H3) and 2-amino-N,N-dimethylaniline were synthesized according to literature procedures.77,78 All
solvents were dried and deoxygenated with PureSolv solvent purification system (CuO and alumina
columns). Air sensitive materials were handled and stored on a Schlenk line or in a glovebox under N2
atmosphere. Infrared Spectra were recorded on a Thermo Scientific Nicolet iS10 FT-IR spectrometer
equipped with an ATR accessory. 1H and 13C NMR were recorded on a Unity Inova 500 MHz and
Mercury Plus 300 MHz FT-NMR Spectrometers. Data are reported in ppm from the solvent resonance
as the internal standard unless otherwise noted. Mass spectrometry was recorded on a Varian CP38—
GC with Saturn 2000 Ion-Trap (70eV). UV-Vis spectra was recorded on a JASCO V670 UV-Vis NIR
spectrometer. Solution magnetic susceptibilities were calculated from Evan’s method NMR
measurements.55 Solid-phase magnetic susceptibilities were recorded on a Johnson Matthey MSB-1
magnetic susceptibility balance that was calibrated with HgCO(SCN)4. Diamagnetic correction factors
were calculated from Pascal’s constants.79

Preparation of [(2,6-iPrC6H3N=CMe)(O=CMe)C5H3N] (1). To an oven-dried 250 mL round bottom flask,
2,6-diacetylpyridine (4.98 g, 30.5 mmol) and a stir bar was added. Using a graduated pipette, 2,6diisopropylaniline (5.75 mL, 30.5 mmol) was added to the round bottom flask and closed with a
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septum. Methanol (~35 mL) was added and stirred until all reactants dissolved. The round bottom
was placed in an ice bath while stirring at 0 °C until no precipitate has formed after 5 min. Formic acid
(~0.25 mL) was added and was stirred for one hour. Flask was labeled and moved to a freezer for 24
hours. The resulting yellow solid was vacuum filtered through a Büchner funnel, with a No. 2 filter
paper and washed with MeOH. The dry yellow solid was dried through the Schlenk line and identified
as 1 (84.5%). FTIR (solid): 1647 cm-1 (C=N); 1698 cm-1 (C=O). 1H NMR (500 mHz, CDCl3): δ 8.55 (d, 1H),
8.13 (d, 1H), 7.93 (t, 1H), 7.15 (d, 2H), 7.09 (t, 1H), 2.78 (s, 3H), 2.72 (sept, 2H), 2.25 (s, 3H), 1.13 (d,
6H), 1.12 (d, 6H).

Preparation of [(2,6-iPr-C6H3)N=CMe)(N-C4H10-NC2H4)N=CMe)C5H3N] (2). To an oven-dried 100 mL
round bottom flask, equipped with a Dean-Stark apparatus, [(ArN=C(CH3))C2H3N((CH3)C=O] (Ar = 2,6 i

Pr-C6H3)] (0.500 g, 1.55mmol ) was added with a slight excess of N,N-Diethylethylenediamine (0.270

g, 2.32 mmol ) and catalytic amount of p-toluenesulfonic acid monohydrate (0.0250 g, ). The mixture
was dissolved with dry toluene (35 mL). The solution was stirred and refluxed at 120 °C for 12 h
followed by. Acetonitrile (5-10 mL) was added to precipitate out a tan solid. The mixture was filtered
through a Büchner funnel and washed with dry acetonitrile yielding a pale tan solid identified as 2.
Yield: 65% (0.421g, 1.00 mmol). FTIR (solide): 1643 cm-1(C=N). 1H NMR (300 mHz, CDCl3): δ 8.34 (d,
1H), 8.16 (d, 1H), 7.70 (t, 1H), 7.15 (m, 3H), 3.69 (t, 2H), 2.91 (t, 2H), 2.70 (m, 6H), 2.44 (s, 3H), 2.24 (s,
3H), 1.16 (d, 12H), 1.09 (d, 6H). 13C NMR (300 mHz, CDCl3): δ 166.1, 155.4, 153.7, 145.4, 135.6, 134.8,
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122.4, 121.9, 120.7, 120.3, 52.5, 50.3, 46.6, 27.2, 22.1, 21.8, 16.1, 12.9, 10.8. GCMS (M+) m/z
calculated for C27H40N4: 420.3 Found: 421.3 [M+H].

Preparation of

TEA

PDIFeBr2 (3). In a 20 mL scintillation vial equipped with a stir bar, [(2,6-iPr-

C6H3)N=CMe)(N-C4H10-NC2H4)N=CMe)C5H3N] (0.100 g, 0.238 mmol)) was dissolved in 10 mL THF
producing a tan orange solution. While stirring FeBr2 (0.051 g, 0.238 mmol was added to the solution
instantly producing a blue color. The solution was allowed to stir overnight. The solvent was removed
in vacuo, yielding a blue solid. The solid was redissolved with approximately 5 mL of CH3OH and then
filtered through a pipette packed with glass wool and celite into a scintillation vial. The filtrate was
layered with pentane and the vial was set aside for 1 day, after which blue crystals of 3 were isolated.
Yield: 75% (0.127 g, 0.177 mmol). IR (solid): 3399cm-1(N-H); 1612, 1584 cm-1 (C=N). 1H NMR (500 mHz,
CD2Cl2): δ -35.36, -15.10, -9.66, -1.31, -0.73, -0.36, 0.90, 1.18, 1.28, 2.05, 3.45, 4.31, 5.35, 77.84, 79.63,
139.36. Evan’s Method: μeff: 4.68 μB (solution), 4.64 μB (solid). 57Fe Mossbauer: δ = 0.787(6) mms-1; ΔE
= 1.57(1) mms-1.
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Preparation of

(Me)2N

PDIFeBr2 (4). To an oven-dried 100 mL Schlenk flask equipped with a stir bar,

[(2,6-iPr-C6H3)N=CMe)(N-C4H10-NC2H4)N=CMe)C5H3N] (0.250 g, 0.775 mmol)) and FeBr2 (0.167 g,
0.775 mmol) was dissolved in 25 mL ethanol producing a purple solution. While stirring, the solution
was heated at 70 °C for 30 min under N2 gas. A solution of 2-amino-N,N-dimethylaniline in 5 mL of
ethanol was syringed into the Schlenk flask and heated at 80 °C for 12 h under N2 gas producing a
green solution. The solvent was removed in vacuo and brought back into the glove box to be redissolved in methylene chloride and filtered through a pipette packed with glass wool and celite.
Recrystallization from methylene chloride and diethyl ether layer afforded black crystals identified as
4 (64%). 1H NMR: -40.00, -27.45, -26.71, -10.35, -7.40, -4.52, -2.94, -1.79, 0.18, 0.96, 1.38, 2.19, 2.85,
3.53, 7.13, 8.92, 15.26, 17.06, 18.84, 40.03, 43.29, 46.81, 50.61, 59.48, 64.62, 68.38, 74.39, 75.80.
Evan’s Method: μeff: 5.12 μB (solution), 5.15 μB (solid).
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Fe Mossbauer: δ = 0.794(4) mms-1; ΔE =

1.628(9) mms-1.

Preparation of MorPDIFeBr2 (5). To an oven-dried 100 mL Schlenk flask equipped with a stir bar, [(2,6i

Pr-C6H3)N=CMe)(N-C4H10-NC2H4)N=CMe)C5H3N] (0.250 g, 0.775 mmol)) and FeBr2 (0.167 g, 0.775
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mmol) was dissolved in 25 mL ethanol producing a purple solution. While stirring, the solution was
heated at 70 °C for 30 min under N2 gas. A solution of 4-(2-aminoethyl)morpholine in 5 mL of ethanol
was syringed into the Schlenk flask and heated at 80 °C for 12 h under N2 gas producing a blue solution.
The solvent was removed in vacuo and brought back into the glove box to be re-dissolved in methanol
and filtered through a pipette packed with glass wool and celite. Recrystallization from methanol and
diethyl ether layer afforded blue crystals identified as 5 (58%). 1H NMR (500 mHz, CD2Cl2): δ -26.34, 13.69, -8.76, -1.48, 0.35, 1.00, 1.07, 1.20, 1.40, 1.76, 1.96, 2.39, 2.63, 3.45, 3.62, 7.82, 8.37, 8.51,
16.40, 76.86, 148.50. Evan’s Method: μeff: 4.81μB (solution), 5.14 μB (solid). 57Fe Mossbauer: δ = 0.80(1)
mms-1; ΔE = 1.427(7) mms-1.

Preparation of TEAPDIFe(CO)2 (6). An 88 mL Fisher-Porter tube was charged with compound 3 (0.200
g, 0.279 mmol), sodium mercury amalgam (0.578 g, 5%Na), a stir bar, and approximately 10 mL of
methylene chloride were added to the tube. The tube was closed with a pressure valve and charged
with 20 psi of CO and left to stir vigorously overnight. The solvent was then removed in vacuo and
brought back in to the glove box to be re-dissolved in diethyl ether and filtered through a pipette
packed with glass wool and celite. Slow evaporation of the diethyl ether resulted green crystals
identified as 6 (70%). IR (solid): 1934, 1872 cm-1(C=O). 1H NMR (500 mHz, CD2Cl2): δ 7.95 (d, 1H), 7.91
(d, 1H), 7.39 (t, 1H), 7.17 (m, 3H), 4.23 (t, 2H), 2.73 (t, 2H), 2.60 (s, 3H), 2.50 (q, 4H), 2.37 (sept, 2H),
2.24 (s, 3H), 1.13 (d, 6H), 0.92 (m, 12H). 13C NMR (500 mHz, CD2Cl2): δ 216.2 (C=O), 157.2, 157.7, 151.2.
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147.1, 145.9, 141.7, 127.4, 124.8, 122.2, 121.3, 118.6, 109.5, 60.8, 56.8, 49.0, 28.6, 25.8, 25.4, 17.7,
15.5, 13.5. 57Fe Mossbauer: δ = -0.081(3) mms-1; ΔE = 1.450(8) mms-1.

Preparation of

(Me)2N

PDIFe(CO)2 (7)5. An 88 mL Fisher-Porter tube was charged with compound 4

(0.100 g, 0.176 mmol), sodium mercury amalgam (0.405 g, 5%Na), a stir bar, and approximately 10
mL of methylene chloride were added to the tube. The tube was closed with a pressure valve and
charged with 20 psi of CO and left to stir vigorously overnight. The solvent was then removed in vacuo
and brought back in to the glove box to be re-dissolved in diethyl ether and filtered through a pipette
packed with glass wool and celite. Slow evaporation of the diethyl ether resulted green crystals
identified as 7 (65%). IR (solid): 1951, 1892 cm-1(C=O). 1H NMR (500 mHz, CD2Cl2): δ 8.45 (t, 1H), 8.09
(dd, 2H), 7.22 (m, 4H), 7.10 (dt, 1H), 7.08 (dd, 1H), 6.97 dd, 1H), 2.88 (sept, 2H), 2.40 (s, 3H), 2.36 (s,
6H), 2.33 (s, 3H), 1.97 (sept, 1H), 1.35 (d, 3H), 1.15 (d, 3H), 0.90 (d, 3H), 0.85 (d, 3H). 13C NMR (500
mHz, CD2Cl2): δ 219.1, 209.1 (2 s, CO), 156.2, 155.4, 149.8, 147.0, 145.8, 145.5, 145.2, 141.1, 139.2,
126.3, 126.0, 125.0, 123.4, 123.3, 121.2, 121.1, 118.3, 117.8, 65.7, 41.9, 27.4, 27.3, 25.3, 24.8, 23.9,
22.9, 15.9, 15.4, 15.2. 57Fe Mossbauer: δ = 0.840(2) mms-1; ΔE = 1.215(4) mms-1.
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Preparation of MorPDIFe(CO)2 (8). An 88 mL Fisher-Porter tube was charged with compound 5 (0.200
g, 0.308 mmol), sodium mercury amalgam (0.570g, 5%Na), a stir bar, and approximately 10 mL of
methylene chloride were added to the tube. The tube was closed with a pressure valve and charged
with 20 psi of CO and left to stir vigorously overnight. The solvent was then removed in vacuo and
brought back in to the glove box to be re-dissolved in diethyl ether and filtered through a pipette
packed with glass wool and celite. Slow evaporation of the diethyl ether resulted green crystals
identified as 8 (63%). IR (solid): 1934, 1871 cm-1(C=O). 1H NMR (500 mHz, CD2Cl2): δ 8.08 (d, 1H), 8.04
(d, 1H), 7.52 (t, 1H), 7.25 (m, 3H), 3.69 (t, 4H), 2.80 (t, 2H), 2.71 (s, 3H), 2.57 (s, 4H), 2.50 (sept, 2H),
2.36 (s, 3H), 1.26 (d, 6H), 1.03 (d, 6H). 13C NMR (500 mHz, CD2Cl2): δ 214.8 (C=O), 155.9, 155.5, 149.7,
145.5, 144.5, 140.2, 126.1, 123.4, 120.9, 120.1, 117.3, 66.9, 60.9, 58.0, 27.3, 24.4, 24.0, 16.3, 14.2.
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Fe Mossbauer: δ = 0.80(1) mms-1; ΔE = 1.46(2) mms-1.

Preparation of HTEAPDIFe(CO)2[PF6] (9). In a scintillation vial equipped with a stir bar, 6 (0.100 g, 0.188
mmol)) was dissolved in 5 mL CH2Cl2 producing a green solution. While stirring, a solution of NH4PF6
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(0.061 g, 0.374 mmol) dissolved in 3 mL of CH3OH was added to the drop wise to the solution of 3.
The solution was allowed to stir overnight. The solvent was removed in vacuo, yielding a green solid.
The solid was redissolved with approximately 5 mL of CH2Cl2 and then filtered through celite into a
scintillation vial. The filtrate was layered with pentane and the vial was set aside for 1 day, after which
black crystals of 9 (80%). IR (solid): 3189 cm-1(N-H); 1950, 1886 cm-1 (C=O); 835 cm-1 (-PF6). 1H NMR
(500 mHz, CD2Cl2): δ 8.14 (t, 2H), t(t, 1H), 7.28 (m, 3H), 4.67 (t,2H), 3.50 (t, 3H), 3.39 (s, 3H) 2.72 (s,
3H), 2.48 (sept, 2H), 2.39 (s, 3H), 1.46 (t, 6H), 1.24 (d, 6H), 1.03 (d, 6H). 13C NMR (CD2Cl2): δ 216.7
(C=O), 159.8, 158.6, 141.1, 147.42, 147.0, 141.9, 128.3, 125.4, 123.9, 123.3, 120.5, 109.9, 67.5, 50.9,
29.2, 26.2, 25.9, 18.4, 16.9, 16.1, 10.3. 57Fe Mossbauer: δ = -0.07(2) mms-1; ΔE = 0.97(2) mms-1.

Preparation of TEAPDIFe(NO)2[PF6] (10). In a scintillation vial equipped with a stir bar, 9 (0.050 g, 0.074
mmol)) was dissolved in 8 mL THF producing a green solution, closed with a fresh size 33 septum, and
stirred for 30 min. While stirring, a solution of NaNO2 (0.005 g, 0.072 mmol) dissolved in 2 mL of CH3OH
was added drop wise to the solution of 9. The solution was allowed to stir overnight. The solution
turns from a green to red brown solution. After GC analysis of the headspace, the solvent was
removed in vacuo, yielding a brown solid. The solid was redissolved with approximately 5 mL of THF
and then filtered through a pipette packed with glass wool and celite into a scintillation vial. The
filtrate was layered with pentane and the vial was placed in the glovebox freezer for 48 h resulting in
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purple crystals of 10 (52%). FTIR (ATR): 1786, 1715 cm-1 (NO); 831 cm-1 (-PF6). 57Fe Mossbauer: δ =
0.308(7) mms-1; ΔE = 0.89(1) mms-1.

Reactivity of 9 with Na15NO2 to form 11. In a scintillation vial equipped with a stir bar, 9 (0.050 g,
0.074 mmol)) was dissolved in 8 mL THF producing a green solution and stirred for 30 min. While
stirring, a solution of Na15NO2 (0.005 g, 0.072 mmol) dissolved in 2 mL of CH3OH was added drop wise
to the solution of 9. The solution was allowed to stir for 3 hours. The solution turns from a green to
red brown solution. The solvent was removed in vacuo, yielding a brown solid. The solid was
redissolved with approximately 1.5 mL of THF and then filtered through a pipette packed with glass
wool and celite. The solid was redissolved with approximately 2 mL of THF and then filtered through
a pipette packed with glass wool and celite. A slow vapor diffusion of pentane into a THF solution of
11 afforded purple crystals of 11. IR (solid): 1744, 1666 cm-1 (N-O); 830 cm-1 (-PF6).

Reactivity of 9 with NO gas to form 10. To an oven-dried 100 mL schlenk flask equipped with a stir
bar, 9 (0.050 g, 0.074 mmol) was dissolved in 8 mL THF and 2 mL CH3OH to produce a green solution.
71

The flask was set up and attached to a purification system of Nitric Oxide gas. While stirring, NO gas
was bubbled through the solution containing 4 for 30 minutes. The solvent was removed in vacuo,
yielding a brown solid. The solid was redissolved in approximately 5 mL THF and then filtered through
a pipette packed with glass wool and celite into a scintillation vial. The filtrate was then layered with
pentane and put in the glovebox freezer. IR (solid): 1792, 1716 cm-1 (N-O); 830 cm-1 (-PF6).

Reactivity of 6 with NO gas to form TEAPDI(NO)2. To an oven-dried 100 mL schlenk flask equipped with
a stir bar, 6 (0.050 g, 0.09mmol) was dissolved in 8 mL THF and 2 mL CH3OH to produce a green
solution. The flask was set up and attached to a purification system of Nitric Oxide gas. While stirring,
NO gas was bubbled through the solution containing 6 for 30 minutes. The solvent was removed in
vacuo, yielding a brown solid. The solid was redissolved in approximately 5 mL THF and then filtered
through a pipette packed with glass wool and celite into a scintillation vial. The filtrate was then
layered with pentane and put in the glovebox freezer. IR (solid): 1783, 1707 cm-1 (N-O)

Mössbauer spectra. Mössbauer spectra were recorded at room temperature with a constantacceleration spectrometer (Wissel GMBH, Germany) in a horizontal transmission mode using a 50 mCi
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Co source. Approximately 0.080 g of sample was crushed in Mössbauer sample holder and drop of

Paratone-N was used to cover the sample to prevent oxidation. Data acquisition varied from 2 days
to 10 days to get a statistically reasonable spectrum for each sample for analysis. The velocity scale
was normalized with respect to a metallic iron at room temperature; hence, all isomer shifts were
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recorded relative to metallic iron. The Mössbauer spectra were fitted by assuming Lorentzian line
shapes using the NORMOS (Wissel GMBH) least-squares fitting program. The isomers and quadrupole
splitting parameters were determined from the fitted spectra.

Electrochemistry. Cyclic voltammetry was carried out using a Pine Wavenow potentiostat employing
a standard three-electrode electrochemical cell consisting of a glassy carbon working electrode, a
platinum auxillary electrode, and a freshly prepared Ag/Ag+ reference electrode with a vycor tip filled
with acetonitrile. All potentials were internally referenced to the ferrocene redox couple. Unless
otherwise noted, experiments were carried out under a N2 atmosphere at room temperature using
tetrahydrofuran solutions of the analyte at 0.010 M and with 0.100 M tetra(n-butyl)ammonium
hexafluorophosphate as the supporting electrolyte.

Gas Chromatography. Gas Chromatography was performed on a SRI 8610c GC using a 6 foot 13x
molecular sieve column and a TCD detector. Calibration curves and analyses were performed through
on-column injection by use of gastight syringes from Hamilton. Varying volumes of pure carbon
monoxide and hydrogen were injected to construct calibration curves. For headspace samples, a
volume of nitrogen equivalent to the sample volume was first injected into headspace. The syringe
was then purged thoroughly, after which the sample was drawn up and then injected into the GC.

X-ray Crystallography. Diffraction intensities were collected at 173 K (for 3, 4, 6, 9, 10, and 11) and
150 (for 5, 8) on a Bruker Apex2 CCD diffractometer using MoK and CuK (9 and 11) radiations, =
0.71073 Å and = 1.54178 Å, respectively. Absorption corrections were applied by SADABS.80 Space
group for was determined based on systematic absences and intensity statistics (3, 10, and 11
Structures were solved by direct methods and Fourier techniques and refined on F2 using full matrix
least-squares procedures. All non-H atoms were refined with anisotropic thermal parameters. All H
atoms were refined in calculated positions in a rigid group model. The Flack parameter for 4 is 0.013(4)
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and the found structure corresponds to an absolute configuration of the compound. Solvent molecule
CH2Cl2 in 6 is highly disordered around an inversion center and was treated be SQUEEZE.81 The
correction of the X-ray data is 90 electron/cell; the required value is 84 electron/cell for two solvent
molecules in the full unit cell. For 4, 5 and 10 diffraction at high angles was relatively weak due to
flexibility of the terminal groups and a disorder for counter-ions PF6. Thus diffraction data were
collected up to 2θmax = 56.0°, but only reflections with 2θmax = 50.0° have been used in the refisnement.
All calculations were performed by the Bruker SHELXL-2013 package.82

Crystallographic Data for 3: C29H44Br3FeN5, M = 758.27, 0.16 x 0.15 x 0.12 mm, T = 173(2) K, Triclinic,
space group P-1, a = 10.0331(9) Å, b = 13.3181(12) Å, c = 14.1000(13) Å, α = 64.813(3),  = 81.091(2),
γ = 81.046(2), V = 1675.9(3) Å3, Z = 2, Dc = 1.503 Mg/m3, μ(Mo) = 4.052 mm-1, F(000) = 768, 2θmax =
56.0°, 32196 reflections, 8179 independent reflections [Rint = 0.0770], R1 = 0.0403, wR2 = 0.0591 and
GOF = 1.007 for 8179 reflections (519 parameters) with I>2(I), R1 = 0.0696, wR2 = 0.0893 and GOF =
1.007 for all reflections, max/min residual electron density +0.471/-0.447 eÅ-3.

Crystallographic Data for 4: C30H38Br2Cl2FeN4, M = 741.21, 0.19 x 0.14 x 0.04 mm, T = 173 K,
Orthorhombic, space group P212121, a = 10.8027(5) Å, b = 16.5072(7) Å, c = 18.6503(8) Å, V = 3325.8(3)
Å3, Z = 4, Dc = 1.480 Mg/m3, μ(MO) = 3.042 mm-1, F(000) = 1504, 2θmax = 56.56°, 43179 reflections,
8248 independent reflections [Rint = 0.0628], R1 = 0.0485, wR2 = 0.1158 and GOF = 1.026 for 8248
reflections (352 parameters) with I>2(I), R1 = 0.0751, wR2 = 0.1252 and GOF = 1.026 for all
reflections, the Flack=0.013(4), max/min residual electron density +1.571/-0.606 eÅ-3.

Crystallographic Data for 5: C27H38Br2FeN4O, M = 650.28, 0.39 x 0.19 x 0.02 mm, T = 150 K, Monoclinic,
space group P21/c, a = 18.615(5) Å, b = 9.895(3) Å, c = 15.869(4) Å,  = 107.522(5), V = 2787.3(14)
Å3, Z = 4, Dc = 1.550 Mg/m3, μ(Mo) = 3.435 mm-1, F(000) = 1328, 2θmax = 56.43°, 17634 reflections,
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4848 independent reflections [Rint = 0.0831], R1 = 0.0574, wR2 = 0.1207 and GOF = 1.008 for 4848
reflections (316 parameters) with I>2(I), R1 = 0.1018, wR2 = 0.1372 and GOF = 1.008 for all
reflections, max/min residual electron density +0.702/-0.751 eÅ-3.

Crystallographic Data for 6: C29.5H41ClFeN4O2, M = 574.96, 0.32 x 0.23 x 0.11 mm, T = 173 K,
Monoclinic, space group P21/c, a = 9.6385(9) Å, b = 13.7609(13) Å, c = 23.410(2) Å,  = 92.164(2), V
= 3102.7(5) Å3, Z = 4, Dc = 1.231 Mg/m3, μ(Mo) = 0.603 mm-1, F(000) = 1220, 2θmax = 56.0°, 35837
reflections, 7488 independent reflections [Rint = 0.0573], R1 = 0.0434, wR2 = 0.1046 and GOF = 1.065
for 7488 reflections (325 parameters) with I>2(I), R1 = 0.0659, wR2 = 0.1113 and GOF = 1.065 for all
reflections, max/min residual electron density +0.413/-0.408 eÅ-3.

Crystallographic Data for 8: C29H38FeN4O3, M = 546.48, 0.23 x 0.17 x 0.08 mm, T = 150 K, Monoclinic,
space group P21/c, a = 16.165(2) Å, b = 9.9467(14) Å, c = 17.475(3) Å,  = 95.499(3), V = 2796.8(7)
Å3, Z = 4, Dc = 1.298 Mg/m3, μ(Mo) = 0.575 mm-1, F(000) = 1160, 2θmax = 56.58°, 56758 reflections,
6744 independent reflections [Rint = 0.0289], R1 = 0.0354, wR2 = 0.0915 and GOF = 1.040 for 6744
reflections (486 parameters) with I>2(I), R1 = 0.0418, wR2 = 0.0977 and GOF = 1.040 for all
reflections, max/min residual electron density +0.421/-0.288 eÅ-3.

Crystallographic Data for 9: C29H41F6N4O2P, M = 678.48, 0.14 x 0.12 x 0.10 mm, T = 173 K, Monoclinic,
space group P21/c, a = 21.0286(15) Å, b = 8.7204(7) Å, c = 17.6555(12) Å,  = 99.237(5), V = 3195.6(4)
Å3, Z = 4, Dc = 1.410 Mg/m3, μ(Cu) = 4.857 mm-1, F(000) = 1416, 2θmax = 135.35°, 27682 reflections,
5641 independent reflections [Rint = 0.0980], R1 = 0.0647, wR2 = 0.1394 and GOF = 1.008 for 5641
reflections (392 parameters) with I>2(I), R1 = 0.1132, wR2 = 0.1614 and GOF = 1.008 for all
reflections, max/min residual electron density +0.501/-0.654 eÅ-3.
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Crystallographic Data for 10: C27H32F6FeN2O2P, M = 617.36, 0.31 x 0.17 x 0.12 mm, T = 173(2) K,
Triclinic, space group P-1, a = 8.439(3) Å, b = 12.370(5) Å, c = 16.709(7) Å, α = 78.415(7),  =
81.869(7), γ = 78.356(7), V = 1664.3(12) Å3, Z = 2, Dc = 1.232 Mg/m3, μ(Mo) = 0.558 mm-1, F(000) =
638, 2θmax = 50.0°, 23258 reflections, 5850 independent reflections [Rint = 0.0735], R1 = 0.0810, wR2
= 0.2070 and GOF = 1.044 for 5850 reflections (368 parameters) with I>2(I), R1 = 0.1393, wR2 =
0.2475 and GOF = 1.046 for all reflections, max/min residual electron density +0.996/-0.601 eÅ-3.

Crystallographic Data for 11: C27H40F6FeN6O2P, M = 681.47, 0.14 x 0.11 x 0.05 mm, T = 173(2) K,
Triclinic, space group P-1, a = 8.4876(5) Å, b = 12.8367(7) Å, c = 16.0181(9) Å, α = 112.855(4),  =
90.918(4), γ = 99.918(4), V = 1578.52(16) Å3, Z = 2, Dc = 1.434 Mg/m3, μ(Cu) = 4.937 mm-1, F(000)
= 710, 2θmax = 133.1°, 20827 reflections, 5531 independent reflections [Rint = 0.0660], R1 = 0.0610,
wR2 = 0.1730 and GOF = 1.010 for 5531 reflections (388 parameters) with I>2(I), R1 = 0.0799, wR2 =
0.1852 and GOF = 1.010 for all reflections, max/min residual electron density +0.648/-0.495 eÅ-3.

Figure 5.1. FTIR Spectrum of 1.
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Figure 5.2. FTIR Spectrum of 2.

Figure 5.3. 13C NMR Spectrum of 2, 300 MHz, CDCl3. (* represents solvent).
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Figure 5.4. 1H NMR Spectrum of 3. (* represents solvent)

Figure 5.5. 1H NMR Spectrum of 4. (* represents solvent)
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Figure 5.6. 1H NMR of 5. (* represents solvent)

Figure 5.7. FTIR Spectrum of 6.
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Figure 5.8. FTIR Spectrum of 8.

Figure 5.9. FTIR Spectrum of 10.
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Figure 5.11 FTIR Spectrum of 11.
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